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Introduction

The original objectives of this grant were to investigate the
mechanisms regulating isoform expression of the adhesion molecule CD44
on endothelial cells and the role of CD44 in ligand binding and cellular
trafficking of breast carcinoma cells and lymphocytes. This study also
included aims to investigate the mechanisms of CD44 in hyaluronan-
induced angiogenesis. These studies were proposed to provide important insights into
ways to increase the trafficking of leukocytes to sites of tumor and ways to prevent tumor
cell metastasis and angiogenesis.

The following report will describe the extent to which the objectives of the original
proposal were accomplished. We were able to investigate all three aims of the original
proposal according to the proposed methods. The results and discussion section will point
out the important contributions of the this work and will include the technical difficulties
associated with these studies. Unfortunately, laboratory funding for supplies and technical
support of this grant expired after the first year and it was necessary for the laboratory to
redirect its research in areas that were also supported by the Duke University Specialized
Program of Research Excellence (SPORE) in breast cancer. Thus, this report will also
include a redirection of research focus.

CDh44

CD44 is a structurally and functionally diverse transmembrane glycoprotein which
is differentially expressed on the surface of a variety of hematopoetic and non-hematopoetic
cells. A soluble form of CD44 circulates in human plasma [1]. Human CD44 is part of a
large family of isoforms generated by alternative splicing of at least 9 variant exons within
the extracellular domain and 1 of 2 cytoplasmic domains [2]. The CD44 adhesion molecule
mediates the primary adhesion of lymphocytes to endothelial cells lining the blood vessel
wall - which is the initial step in lymphocyte homing. Isoforms of CD44 which mediate
normal lymphocyte trafficking are also expressed on metastasizing tumor cells and thus
may potentially mediate tumor cell metastasis. Furthermore, the CD44 molecule binds and
facilitates degradation of the extracellular matrix component hyaluronan, and low molecular
weight forms of hyaluronan have been reported to promote angiogenesis, which in tumors
correlates with metastatic potential [3, 4].

CD44 was first implicated in lymphocyte homing in 1987 [5]. Guo et al (1994)
showed that soluble CD44 interferes with lymphocyte migration in a mouse model [6].




Other evidence confirmed CD44-hyaluronate binding in mediating lymphocyte rolling on
endothelial cells using a parallel plate flow chamber [7]. This study also found that CD44-
bearing lymphoid cell lines which do not normally exhibit the rolling phenotype can be
induced to roll by activation with phorbol ester, a T-cell activator known also to induce HA
binding. This finding suggests that CD44 mechanisms for lymphocyte extravasation from
the blood may be activation-dependent.

CD44 is Involved in Tumor Metastasis

In 1991, Gunthert et al. isolated new CD44 variants found in metastasizing rat
pancreatic adenocarcinoma cell lines. These variants were not found in non-metastasizing
clones of the same cell line. Overexpression of these variant CD44 molecules in non-
metastasizing cell lines resulted in the conversion of these cell lines to a metastatic
phenotype [8]. This study and others have led to the hypothesis that the adhesive properties
acquired by tumor cells for dissemination may be similar to CD44-mediated properties
developed by normal lymphocytes to reach sites of antigenic invasion.

Tumor metastasis is dependent on the formation of new blood vessels to provide
tumor cells with blood nutrients and access to vessels and the lymphatics. The extent of
this process (i.e. angiogenesis) is believed to correlate with the metastatic potential of breast
tumors [9]. Recent studies have shown that the CD44 ligand, hyaluronan, contributes to
angiogenesis in several models. Low molecular weight hyaluronate products promote
angiogenesis in a chick chorioallantoic membrane model [10] and in a delayed
revascularization model using skin autografts in rats [11]. Studies disagree on the ability of
the CD44v8-10 variant to bind and degrade hyaluronate [12, 13] and a recent in vitro study
of cell migration and angiogenesis reports that full length hyaluronate promotes migration
but not necessarily capillary formation [14]. Therefore, studies which address the
angiogenic effects of hyaluronate fragments of characterized molecular weight as well as
the contribution of CD44 to angiogenesis are needed.

Original Hypothesis/Purpose

The original hypothesis of this proposal was that CD44 isoform expression varies
depending on the activation and differentiation status of a cell. The ability of endothelial
cells, leukocytes, and breast carcinoma cells to participate in cellular trafficking or to bind
specific ligands is influenced by CD44 isoform expression. Metastasizing tumor cells may
mimic normal lympﬁocyte migration by using CD44 to mediate specific adhesion steps in

cellular trafficking. Studies to determine CD44 specific mechanisms regulating cellular




trafficking and ligand binding are essential to the development of immunotherapy regimens
designed to redirect and enhance lymphocyte trafficking to sites of breast tumor.

The original objectives of this grant were to investigate:

1) The mechanisms regulating CD44 isoform expression on human primary endothelial
cells, endothelial cell lines of varying activation and differentiation status, and normal
human breast and breast carcinoma tissues will be determined using time/dose response
curves to a panel of reagents analyzed by solution phase and in situ RT-PCR,
immunohistochemistry, and flow cytometry.

2) The adhesion properties of CD44 ligands, leukocytes, and breast carcinoma cells to
endothelial cells will be defined using novel endothelial, breast carcinoma and T-cell lines
expressing defined CD44 isoforms under static and flow conditions.

3) The mechanisms by-which the CD44 ligand, hyaluronan, promotes angiogenesis will be
evaluated in vivo in rodents using fibrin gel chambers containing hyaluronan fragments,
blocking monoclonal antibodies, or CD44 peptides.

Body

Results and Discussion

Aim I: CD44 isoform expression was analyzed in ECRF-24 endothelial cells,
SKBR3 breast carcinoma cells, Jurkat T-cells and in primary human umbilical vein
endothelial cells (HUVECs). These studies were performed using time and dose response
curves with reagenté such as TNF (tumor necrosis factor), LPS, PdBu or the spent
supernatant of SKBR3 cells and analyzed by flow cytometry or by RT-PCR followed by
standard Southern blot with CD44-specific oligonucleotide probes. These procedures were
performed to test aim 1 with the expectations that the isoform expression of the cells and
tissues described would vary depending on the activation status of the cell or tissue.
Preliminary time and dose response studies revealed expression of high molecular
weight CD44 isoforms induced by exposure of primary HUVECsS to spent supernatant
from SKBR3 breast carcinoma cells. Some of these isoforms are also expressed
constitutively by the EC-RF24 immortalized (and presumably activated) HUVEC line.
EC-RF24 cells also induced a high molecular weight CD44 isoform upon incubation with
100pm PdBu. Flow cytometry experiments showed that the levels of other adhesion
molecules, specifically ICAM-1, could be induced in Jurkat T-cells transfected with



specific CD44 isoforms. These data suggest that CD44 isoform expression is dependent
on the activation or differentiation status of cells. CD44 isoform expression is thus a
complex phenomenon and much additional work is needed to ascertain the signals for

CD44 isoform expression and its consequences to the cell.

Aim 2: The adhesion properties of CD44 ligands, leukocytes and breast carcinoma
cells to endothelial cells were tested in adhesion assays using endothelial, breast carcinoma
and T-cell lines expressing defined CD44 isoforms. The above cells were transfected and
selected to obtain those cells stably expressing defined CD44 isoforms. cDNAs for
standard CD44 (exons 1-5, 15-17 and 18 or 19), CD44v8-10 (exons 8,9,10) or CD44v2-
10 (exons 1,2,3,4,5,6,7,8,9,10) were used. A total of 14 exon specific cell lines were
generated. Cells were tested in static adhesion assays whereby the binding affinity of
calcein AM labeled cells to endothelial monolayers was quantitated using a fluorescent plate
reader.

Static adhesion assays using fluorescently labeled CD44-transfected Jurkat T cells
binding to monolayers of EC-RF24 endothelial cells showed a 780% increase in adhesion
of the Jurkat cells expressing CD44v8-10 as compared to Jurkat cells expressing standard
CD44 . This adhesion was not stable under high shear conditions generated by vigorous
pipetting implicating an unstable interaction associated with primary adhesion. Other
experiments showed that Jurkat T cells expressing CD44v8-10, an isoform expressed by
activated normal T-cells, exhibited a 395% increase in adherence to HUVEC cells
compared to standard CD44.

Studies using similar transfectants in the SKBR3 breast cancer cell line showed that
SKBR3 cells transfected with vector alone adhered well to EC-RF24 cells. However,
SKBR3 cells transfected with CD44v8-10 and CD44v2-10 showed a 26% and 45%
increase, respectively, in adherence to EC-RF24 cells compared to SKBR3 transfected with
vector alone. These studies suggested that CD44 isoform expression is important for T-cell
and cancer cell adhesion to endothelial cells and should be investigated further.

Cell lines which exhibited strong, specific affinity in static assays were then tested
in flow chamber assays designed to mimic the rolling and sticking of lymphocytes or breast
cancer cells to endothelial monolayers under physiological conditions. In these dynamic
assays, the binding affinity of Jurkat T-cell lines and SKBR3 breast carcinoma cell lines
transfected with CD44 exons v8-10 to endothelial monolayers was tested in flow chambers
under defined flow and shear conditions. These studies were performed in collaboration
with Dr. Mark Dewhirst. According to static adhesion assays these cell were predicted to
have some affinity in flow adhesion chambers but were predicted to lose adhesion under




stress [7]. We did not detect adherence of Jurkat T-cells or SKBR3 cells to endothelial
monolayers. Although we expected to see a minimal level of adherence, this result
confirmed static adhesion assays in which adhesion of cells was abrogated by high shear
conditions.

The results of the static assays suggested that isoform expression did affect
adherence of breast cancer cells to endothelial monolayers. However, followup studies in
the flow chamber and subsequent repeats of the static adhesion assays led us to the
conclusion that expression of certain CD44 isoforms increased homotypic adherence of
transfected cells to each other rather than a greater adherence of single cells to the
monolayer. This result was complicated by the observation that confluent cells do not
necessarily cover the entire well. Consequently, the bottom of the well contains bare sites
where fluorescent cells can adhere and contibute to fluorescent measurements. However,
this result is still significant because homotypic adherence may affect metastatic potential by
influencing the adherznce of individual cells to the tumor mass. Flow chamber assays
could not be used to further this investigation considering that adherence of cells could not
be detected under the conditions used.

Aim 3: The mechanisms by which the CD44 ligand, hyaluronan, promotes
angiogenesis was tested in vivo in rats using fibrin gel chambers containing low molecular
weight hyaluronan fragments or full length hyaluronan which were sutured
subcutaneously. This procedure was initially complicated by technical difficulties
regarding the stability of the gel once inside the animal. However, the initial experiment
showed an unexpected result in that full length hyaluronan promoted greater angiogenesis
than hyaluronan fragments. This result was contradictory to earlier studies in which low
molecular weight hyaluronan fragments promoted angiogenesis in chick chorioallantoic
membrane models or in delayed revascularization models in rats. A critical technical
problem which may have played a role in this result was the inability to maintain the
stability of gels containing low molecular weight hyaluronan fragments. This problem has
since been solved by refining the formation of the fibrin gels. These results did confirm the
importance of hyaluronan in angiogenesis.

We decided next to use in vitro fibrin gel chambers. These chambers were created
using a fibrin /thrombin gel solidified in a special co-culture insert of a 6 or 12 well plate
(Costar). This assay was used to test the ability of endothelial cells to migrate through the
fibrin gel towards a stimulus, specifically VEGF, in media placed directly below the gel.
This assay also utilized CD44 antibodies to block migration of cells through the gel.



Our studies using the in vitro fibrin gel chambers revealed no detectable difference when
CD44 antibodies were used to inhibit the migration of endothelial cells through a fibrin gel

matrix. At this time, laboratory funding for this work expired and it was necessary to
redirect the laboratory's focus of research.

Recommendations Regarding Statement of Work

The three aims of this grant were investigated using the proposed methods
described in the original proposal. These studies provided valuable insights into CD44
isoform expression and its effects on cell to cell adhesion and confirmed the importance of

CD44/hyaluronan in angiogenesis. The lack of appropriate funding and the time
constraints in working out technical difficulties promoted a necessary and unavoidable shift
in our research focus. Research is currently directed at investigating the function of the
BRCA2 breast cancer susceptibility gene using T-cell receptor rearrangement in the thymus
as a model. The remainder of this report will therefore focus on experiments and data
regarding BRCA?2 and will include and new statement of work for the remaining two years
of this grant.

Redirection of Research Focus

BRCA2 Structure/Expression
BRCAZ2 was identified in 1995 by positional cloning [15]. Over 70 different
mutations in BRCAZ2 occur in 45 percent of familial breast cancer cases. A high frequency

of BRCA2 mutations are also found in families with increased incidence of pancreas,
prostate and colon carcinomas and in male breast carcinomas [16]. The BRCA2 gene
contains 27 exons, encoding a large protein with an estimated molecular weight of 384 kDa
and has no significant homology to other known proteins. Exon 11, which at Skb encodes
almost half of the BRCAZ2 protein, contains 8 copies of a 30-80 amino acid domain [15,
17]. These 30-80 aa domains, called BRC repeats, are highly conserved between rat,
mouse and human. These BRC repeats were recently found to mediate binding of BRCA2
to MmRADS51, the murine homologue of the RecA repair protein in bacteria, suggesting a
possible role for BRCA?2 in DNA repair [18, 19].

BRCAZ2 expression patterns reveal that although BRCA?2 is widely transcribed, it is
expressed at relatively low levels in most tissues. BRCA2 is only moderately expressed in
normal adult breast tissue and in breast carcinoma. However, BRCA?2 is expressed at high
levels in breast terminal end buds during puberty and in differentiating alveoli during
puberty [16]. Interestingly, BRCA2 is highly expressed in normal ovary,



testis and thymus, tissues with high levels of proliferation and
differentiation.

BRCA2 is regulated during proliferation and differentiation. Rajan et
al. (1996) found that BRCAZ2 is upregulated in proliferating and differentiating mammary
epithelial cells similar to BRCA1. Therefore, BRCA1 and BRCA2 may function in
overlapping pathways. BRCA2 mRNA levels peak at the G1/S boundary of the cell cycle
and are low during the Go and early G1. [16, 20, 21]. Gene targeted null mutations of
the BRCA2 exons 10 and 11 show that BRCA2 is required for embryonic cellular
proliferation in the mouse. Mutant embryos exhibit developmental deficiencies and die
before embryonic day:9.5. Mice carrying a different mutation in the 5' region of exon 11
survived to adulthood:: These mice had various deficiencies including abnormal
differentiation of tiszues and most died due to the development of thymic lymphomas
which originated frosrthe immature CD4+ and CD8*1 double-positive thymocytes
according to flow cytometric analysis. BRCA2 -/- embryonic fibroblasts from these mice
were also found to have an impaired ability to repair double stranded DNA
breaks after X-irradiation. These cells were also shown to over-express p21 and p53
conﬁrrrﬁng the results by Ludwig et al. (1997) which showed that a p53 null background
decreases the severity of a BRCA2 (and BRCA1) null mutation in mice [18, 22].

Several studies link BRCA2 to a role in repairing double stranded
DNA breaks and/or suggest an association of BRCA2 with proteins thought
to be involved in DNA repair. The first of these studies by Sharan et al. showed that
mouse BRCA?2 interacts with MmRADS1, the homologue of the RecA repair protein in
bacteria . Since homozygous mutant embryos of MmRad51 exhibit hypersensitivity to
ionizing irradiation, BRCA2 mutant embryos were predicted to act similarly. As expected,
BRCA2 mutant embryos E.3.5 exposed to 1y -radiation showed a significant decrease in the
number of trophoblast cells compared to wild type embryos [23]. At least one other group
has confirmed the BRCA2-RADS1 interaction using a yeast-two-hybrid screen [24]. Other
evidence includes the observation that cultured murine embryonic fibroblasts containing a
homozygous truncation mutation in exon 11 are sensitive to DNA damaging agents such as
UV light and mitomycin C. These cells also accumulated a high frequency of chromosomal
abnormalities with successive passages [25]. These studies strongly suggest that BRCA2
plays a critical role in DNA repair, particularly, in the repair of double stranded DNA
breaks. This function of BRCA2 is intriguing considering that BRCAZ2 is also highly



expressed in the thyr'flus, an organ which relies on double stranded DNA break and repair

to achieve T-cell receptor gene rearrangement, a defining step in thymocyte development.

Current studies involving BRCA?2 have been difficult due to the complications of
working with such a large protein coupled with its low expression in most tissues including
normal and neoplastic breast tissue. However, BRCA?2 is highly expressed in the thymus,
an organ with high levels of ongoing proliferation, differentiation, and DNA breakage and
repair. These characteristics of the thymus are remarkably similar to the proposed
functions of BRCA2. Therefore, the role of BRCA?2 in the thymus is of great interest and
importance. In addition, the thymus is a primary organ of the immune system as a site
where T-cells rearrange their T-cell receptors and mature into functional cells. Little is
known about why the adult thymus has a decreased ability to produce mature T-cells and
this has adverse implications for breast cancer patients who receive high dose
chemotherapy. Therefore, using the thymus to study breast cancer is useful in two
important ways: 1) It is a necessary model to study BRCA2 function. One cannot ignore
the data which suggestsithat BRCA2 has a specific role in the thymus: perhaps as a factor
for T-cell receptor rearrangement, and 2) Understanding the changes in immune function as
the thymus ages (adult thymus vs. pediatric thymus) is important to patients with invasive
breast cancer who have undergone high dose chemotherapy followed by bone marrow
transplantation. These patients have a decreased ability to regenerate T-cells after
chemotherapy. The complexity of the thymus is only now being appreciated. By
understanding more about thymic signals and physiology we can potentially slow down or
reverse thymic aging for the benefit of breast cancer patients, AIDS patients, the elderly or
other individuals with immune deficiencies.

The Thymus and Thymocyte Development

The thymus is a primary organ of the immune system where T-cell development
occurs. The thymus is a bilobed organ encapsulated by a thin layer of fibrous connective
tissue which invaginates and separates each lobe into lobules. The lobules are further
divided into an outer cortex and an inner medulla region. The septa that divides the lobules
extends from the surface of the cortex to the medullary- cortical junctions and continues to
widen into open spaces called the perivascular space (PVS). The PVS is distinct from the
thymic epithelial-defined space and contains blood vessels and, particularly in older
individuals, lymphocytes. Immature, proliferating T-cells reside in the thymus cortex. As
they mature, T-cells migrate to the medulla to continue the maturation process. However,
thymocytes are continually responding to signals that direct the cells to migrate, change cell
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surface molecule expression, undergo T-cell receptor rearrangement , proliferate or
apoptose as they traverse medullary-cortical boundaries. T-cells in both the cortex and the
medulla are surrounded by a stromal network of cells including epithelial cells, dendritic
cells, fibroblasts and macrophages. These cells also help support T-cell development via
cytokines, cell surface adhesion molecules, and extracellular matrix components. T-cell
development is tightly coupled with cell death or apoptosis to ensure that only functional T-
cells survive the maturation process. Therefore, it is relatively clear why thymocyte
development is an "expensive" process as only about 5% of thymocytes develop into
functional T-cells and migrate to the periphery as effective immune cells [26, 27].

As the thymus ages it begins a process of involution. The true thymus tissue begins
to atrophy and is repiaced by adipose tissue while the perivascular space begins to widen
and the connective tissue layer thickens. Involution and the widening of the PVS are
thought to begin as soon as 1 year after birth and is complete by the 6th decade [28]. At the
same time, T-cell growth and differentiation decrease and eventually cease. Although this
usually causes no difficulties under normal conditions, loss of peripheral T-cells in a
situation of thymic atrophy may potentially lead to immunodeficiencies and gaps in the T-
cell repertoire. This situation may be harmful for adult cancer patients who receive high
dose chemotherapy followed by bone marrow transplantation. The relatively minor T-cell
losses seen in patients receiving standard dose chemotherapy may even affect the eligibility
of patients to receive promising new immune based therapies. While high dose
chemotherapy randomly kills healthy immune cells, the aged thymus has, in turn, little
ability to regenerate functional T-cells. This study stresses the need for more research
applied to basic immune function and is particularly applicable to breast cancer which is
often treated using high dose chemotherapy .

T-cell Receptor Rearrangement

T-cell receptor rearrangement is a critical phase of thymocyte development . During
maturation in the thymus, T-cells rearrange gene segments to form a functional T-cell
receptor. The T-cell receptor is a heterodimer composed of either o and B chains or y and &
chains. Gene segment rearrangement combined with other mechanisms for diversity allow
up to 10 18 combinations for the T-cell receptor. Gene segments to be recognized for
rearrangement are flanked by recognition signal sequences (RSS). Each RSS is composed
of conserved heptamer and nonamer motifs separated by nonconserved 12 or 23 base pair
spacers. One gene segment containing a 12 base pair spacer can only rearrange with
another gene segment containing a 23 base pair spacer. Recombination is mediated by
numerous proteins, many of which are still unknown, which facilitate DNA cleavage,
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synapsis and joining Two proteins called recombinase activating gene 1 (Rag-1) and
recombinase activating gene 2 (Rag-2) are absolutely essential for recombination to occur.
These proteins recognize signal sequences then blunt-end cleave both strands of DNA. A
5' phosphorylated blunt end is generated at the signal sequence end while the gene segment
end (coding end) forms a hairpin loop. Once the ends are generated, the coding ends are
joined together with the addition or subtraction of nucleotides which contribute to diversity.

The signal ends are then joined together precisely in a circular or linear complex [26, 29].

Assays for TCR Rearrangement

There are several different methods to analyze T-cell receptor rearrangement in
DNA isolated from cells. Four distinct rearrangement assays are described briefly. (1)
Southern Blot is a commonly used method for detecting TCR rearrangement. Genomic
DNA is isolated from cells and digested with specific restriction enzymes which flank the
gene segments of interest. Enzymatic digestion and gel electrophoresis of unrearranged
DNA will produce a band of a unique size which contains all of the targeted gene segments
and non-coding DNA. -Alternatively DNA that has undergone rearrangement, will produce.
a different sized band based on elimination of restriciton sites and/or gene segements during
the rearrangement process. 2). Other assays take advantage of Polymerase Chain Reaction
(PCR) to identify rearrangement in a similar fashion. Generally speaking, PCR primers
are generated which flank the gene segments of interest. Prior to gene rearrangement the
distance between the primers is normally too large to detect by standard PCR due to
intervening non coding DNA. However, if rearrangement has occurred the distance
between the primers is decreased and is detectable by PCR. This assay is often followed by
southern blot and detection using a specific probe. Southern Blot and PCR are particularly
useful to detect rearrangement that has previously occurred. (3). Another assay, called
ligation mediated PCR (LM-PCR) takes advantage of the generation of blunt DNA signal
ends that are generated during rearrangement to detect either 5' or 3' breaks in the DNA that
occur in real time. An asymmetrical linker is ligated to the blunt signal end. PCR primers
specific to the asymmietrical linker and primers specific for sequences either upstream or
downstream of the segment of interest are then used to amplify a product (See Figure 1).
These products are transferred to membrane and probed for specificity. Differences in
product sizes, as well as the specific primers used, help distinguish between 5' versus 3'
breaks. This assay is different from the static PCR assay described above because the use
of the asymmetrical linker targets DNA at the precise moment of double stranded DNA
cleavage. This step distinguishes the DNA actively undergoing rearrangement from
previously rearranged DNA molecules that do not contain breaks. (4) Finally, exogenous
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rearrangement substrates can be introduced into cells and induced to rearrange by the action
of native or exogenous RAG1 and RAG2. This can be performed in cells that do not
normally rearrange their DNA, such as fibroblasts, by co-transfecting RAG-1, RAG-2 and
a recombination substrate into the cell. Rearrangement of these substrates can be detected
by PCR of the substrate DNA to detect a decrease in the size of a rearranged product or by
using a recombination substrate that acts as a reporter gene after rearrangement has
occurred. |

Although these assays have been used previously in mouse cells, very little work
has been done using human thymocytes. Duke University is one of few institutions where
large quantities of human thymus tissue is readily accessible for research. Thus, we have
been able to modify and optimize these assays for use in human cells. The proposed aim of
this work is to study the involvement of BRCA2 in DNA repair processes using T-cell

receptor rearrangement in the thymus as a model system.
Revised Technical Objectives:

1) Develop dynamic in vitro assays to measure T-cell receptor
rearrangement :

a. Develop methods to detect DNA double stranded breaks as a function of T-cell
receptor rearrangement by optimizing Ligation Mediated - PCR (LM-PCR) in primary
human thymocytes.

b. Develop a recombination substrate assay to test T-cell receptor rearrangement in
human cell lines in which BRCAZ2 levels can be modulated.

2) Determine the effects of under- and over-expression of BRCA2 on T-cell
receptor rearrangement as a model for general processes of DNA breakage
and repair.

a. Modulate BRCA?2 using a panel of BRCA2 sense and antisense expression
vectors and/or antisense oligos.

b. Measure effects of BRCA?2 under- and over-expression on T-cell receptor

rearrangement using LM-PCR or recombination substrate assays developed in objective 1.
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Methods and Results

Objective 1a. Develop methods to detect DNA double stranded breaks
as a function of T-cell receptor rearrangement by optimizing Ligation
Mediated - PCR (LM-PCR) in primary human thymocytes.

Methods

Thymocytes are obtained from discarded thymus tissue by mechanical dissociation,
washed and resuspended in RPMI +20% FCS. For studies in objective 2, thymocytes will
be transfected with BRCAZ2 or control antisense oligonucleotides using Lipofectamine and
cultured for 24 or 48 hours prior to analysis. Genomic DNA is isolated from thymocytes at
0 hours, 24 hours or 48 hours after transfection using a previously described method [30]
for analysis by LM-PCR .

LM-PCR to.detect:soluble stranded DNA breaks was modified and optimized from
previously described protocols [31]. We have chosen to analyze DNA breaks which occur
5' or 3' to the DB2.1 TCRp chain locus since the human genome contain only 2 D loci.
This allows dectection of V-DJ and D-J breaks in 50% of thymocytes undergoing
rearrangement.

An asymmetrical linker is generated by incubating 2 nmoles of Linker-A and
Linker-B oliognucleotides in 100 ul of 250mM Tris (pH 8.0) for 5 minutes at 90° C then 5
minutes at 60°C. Genomic DNA (1-2ug) is ligated to 20 pmoles of asymmetrical linker for
12-16 hours at 16°C. The reaction is stopped by heating in a Tris, KCL, Triton X-100
based stop solution .

Serial 8 fold dilutions of linker ligated human DNA are made into mock linker
ligated mouse DNA to keep the total amount of DNA constant for each sample. DSBs from
each dilution are then detected by nested PCR (See Figure 1). PCR products are run on a
2% polyacrylamide gel and Southern blotted by standard methods. Specific bands
corresponding to dsSDNA breaks either 5' or 3' of the Df2.1 locus are detected using a 32P
labeled probe which spans the DB2.1 locus but which does not include primer regions.

LM-PCR Detects D-J and V-DJ Rearrangement in Thymocytes From
Pediatric Patients. The LM-PCR assay optimized as described above was used to
detect rearrangements occurring 5' or 3' to the D 2.1 human locus. The DP probe detects

a 503 bp band corresponding to a D-J rearrangement and a 422 bp band corresponding to a
V-DIJ rearrangement. The LM-PCR assay is able to detect rearrangement as it is occurring
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in normal human pediatric thymocytes (See Figure 2 ). Note that control lymphocytes
taken from spleen and lymph node do not contain D} rearrangement signals. Higher and

lower molecular weight signals vary between samples and are most likely due to additional

rearrangements occurring at other TCR loci. The rearrangement signals at bp 503 and 422, .
indicative of TCR [ chain rearrangement, are consistently present in pediatric thymocytes.

1b. Develop a recombination substrate assay to test T-cell receptor

rearrangement in human cell lines in which BRCA2 levels can be modulated

Use of TCR Rearrangement Constructs in Cells in which BRCA2 levels can
be Modulated Primary thymocytes are difficult to transfect with expression plasmids

resulting in extremely low transfection efficiencies using these cells. It is relatively easy to
transfect oligonuleotides into thymocytes but difficult to select and analyze transfected cells
due to rapid cell death. Conversely, many cultured cell lines can be easily transfected with
BRCA2 antisense plasmids, antisense oligos or adenovirus vectors with high transfection
efficiencies and high cell viability. We will use a novel recombination substrate and Rag-1
and Rag-2 constructs obtained from Dr.Guillermo Taccioli to transfect 293T and breast
cancer cells. This assay will enable us to determine the effects of modulation of BRCA2 on
TCR-type rearrangement in these cells.

In Vitro Recombination Assays Using a Recombination Substrate. We are

currently generating -anovel recombination substrate using green fluorescent reporter
protein to analyze double stranded DNA breaks in cultured cell lines. This recombination
substrate, like many previously described, is comprised of a recombination signal sequence
integrated between two segments of a reporter gene. The reporter gene containing the RSS
is nonfunctional before recombination. When recombination occurs, the RSS is excised
and the segments of the reporter gene are joined together to form a functional gene. Our
recombination substrate is derived from insertion of the recombination signal sequences
regulating recombination of the DJ and J§ loci of the D2J transgene (obtained from Dr.
Mike Krangel) into the GFP reporter gene. To create a modified GFP containing a RSS,
the GFP protein was first cleaved near the N-terminal region before its fluorophore
containing barrel structure (See Figure 3). A unique Sacl site was generated in the N-
terminal region of the GFP molecule (between codons for amino acids 7 and 8) by site
directed mutatgenesis. The RSS was generated by PCR using Sacl terminal primers and
was thus specifically inserted into the newly formed Sacl site to generate the recombination

substrate. The sequence of this substrate has been confirmed by DNA sequencing.
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Construction of A Novel TCR Rearrangement Substrate To determine if the
GFP protein could withstand the addition of nucleotides (due to junctional flexibility, TdT
additions and nuclease activity) in the N terminal region, we added 12 additional

nucleotides encoding 4 amino acids between the Sacl site at bp 635. The additional
nucleotides collectively termed the "Sac linker" were created by self-hybridization of a 16
bp oligo to form a ds DNA molecule with sticky Sac I ends and the NgoMI restriction
enzyme site in the center. Constructs containing the Sac linker were identified by digestion
with the NgoMI enzyme. The construct containing the Sac linker was transfected into Cos-
7 cells and GFP function was measured by flow cytometry. Cells containing pEGFP
modified with the Sac linker show strong fluorescence when measured by flow cytometry
after a 48 hour transfection. This experiment shows that GFP is still functional after
mutation with up to 12 additional nucleotides in the barrel region and therefore a GFP
containing the RSS sfiould function similarly after recombination and imprecise joining
(See Figure 3).

Recombination Assays Using A Novel Recombinaiton Substrate The

recombination substrate described above will be transfected into 293T and breast cancer
cells which have been previously shown to be sufficient to induce TCR-type recombination
of similarly designed substrates in fibroblasts and other non-lymphpocyte systems. After
48 hours, cells will be analyzed for recombination by two methods: First, low molecular
weight DNA will be extracted from transfected cells and analyzed for the presence of
correctly rearranged GFP by PCR using GFP-specific primers. Recombination will result
in a band of 267bp versus 1200bp for unrearranged GFP. Relative numbers of rearranged
molecules will be approximated using serial dilutions and PCR standards. Second, the
numbers of cells with correctly rearranged recombination substrates and expressing
fluorescent GFP will be measured by flow cytometry. We are beginning these experiments
now and anticipate optimization of transfection and assay conditions to complete this
objective within the next few months.

Objective 2: Determine the effects of under- and over-expression of BRCA2
on T-cell receptor rearrangement as a model for general processes of DNA
breakage and repair:

a. Modulate BRCA?2 using a panel of BRCA?2 sense and antisense expression

vectors and/or antisense oligos.
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b. Measure effects of BRCA?2 under- and over-expression on T-cell receptor
rearrangement using LM-PCR or recombination substrate assays developed in objective 1.

BRCA2 Expression High levels of BRCA2 RNA were found to be associated with
whole thymus vs. thymic stroma consisting of epithelial cells, fibroblasts, macrophages -
(See Figure 4). The majority of the BRCA2 RNA found in whole thymus was further
localized to the thymocytes by study of RNA expression . This study suggests that
thymocytes, in particular, express BRCA2 RNA versus other thymic cells including
epithelial cells, macrophages and fibroblasts contained in the thymic stroma. No BRCA2
RNA is detectable in thymic stroma by Northern blot with equal loading. Preliminary
studies to determine differences in BRCAZ2 levels in subsets of thymocytes are currently
being performed. Using RT-PCR, we have determined that BRCA2 mRNA is expressed
in thymocyte subsets in which  chain (CD4, CD8, CD3 triple negative thymocytes) and o
chain rearrangement (CD4, CD8 positive thymocytes) occur. These studies also suggest
that a role for BRCA?2 in thymocytes rearranging their DNA is plausible. Additional
experiments to confirm and quantitate BRCA?2 levels in thymocytes compared with mature
T-cells which have completed TCR rearrangement will also be performed.

BRCA?2 Expression Constructs Our laboratory has previously generated a full length
BRCAZ2 expression construct and several BRCA?2 antisense expression vectors and
oligonucleotides. Cos cells transfected with full length BRCA?2 show a marked increase in
protein by western blot and in RNA levels by Northern (Data not shown). In addition, full
length sense and antisense BRCA?2 was inserted into the PBI-Super plasmid (Clontech) for
use in the Tet-Off Expression system (Clontech). This system allows expression in the
absence of tetracycline in cells transfected with the tetracycline transcriptional activator
(tTA). We are currently attempting to generate a full length BRCA2 construct in adenovirus
which can be used in a greater number of cells to achieve maximum transfection
efficiencies. This effort is complicated by the large size of BRCA2 cDNA which
necessitates the use of adenovirus containing additional deletions. Other BRCA2 antisense
constructs generated near the BRCAZ2 translational start site at 229 include BRCA2 bp
(792-238), (bp 23-229) and (bp 369-23) in a eukaryotic expression vector. The eukaryotic
vector used for BRCA?2 antisense constructs contains a 5' GFP tag to monitor transfection
efficiencies in cells. ",Oligonucleotides generated near the translational start site will be used
to block BRCA?2 expression in primary thymocytes because they can be transfected with
relatively high efficiencies in these cells compared to expression vectors.
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Each of these constructs will be tested for its ability to induce or to abrogate
expression of BRCA?2 (expression and antisense constructs, respectively). The constructs
which work most efficiently to abrogate or increase BRCA?2 expression will be utilized in
subsequent studies which will test the effects of BRCA2 modulation on DNA repair
processes using LM-PCR (for thymocytes transfected with antisense oligos) and
recombination substrates. It is anticipated that these studies will provide important insights
into mechanisms of BRCA2 function, which may result in preventative therapies useful for
patients with germline BRCA?2 mutations.

Summary

In this report, I have described progress made toward our original Technical
Objectives in the role of CD44 variants in tumor cell trafficking and angiogenesis.
Unfortunately, fundiag considerations prompted a redirection of research focus. I have
presented preliminary data gathered from studies aimed at elucidating the mechanisms of
BRCA2 function. Revised Technical Objectives and a Revised Statement of Work are
appended.

18




References

1. Lucas M, Green A and Telen M. Characterizationof the serum In (Lu)-related
antigen: identiifcation of a serum protein realted to erythrocyte p80. Blood, 1989. 73: p.
596-600.

2. Screaton G, Bell M, Jackson D, Cornelius F, Gerth U and Bell J. Genomic
structure of the DNA encoding the lymphocyte homing receptor CD44 reveals at least 12
alternatively spliced exons. Proc. Natl Acad Sci USA, 1992. 89: p. 12160-12164.

3. Aruffo A, Stamenkovic I, Melnick M, Underhill C and Seed B. CD44 is the
principal cell surface receptor for hyaluronate. Cell, 1990. 61: p. 1303-1313.

4. Culty M, Shizari M, Thompson EW and Underhill CB. Binding and degradation
of hyaluronan by human breast cancer cell lines expressing different forms of CD44:
correlation with invasive potential. J Cell Physiol, 1994. 160(2): p. 275-86.

5. Jalkanen S, Bargatze R, de los Toyos J and EC B. Lymphocyte recognition of
high endothilium: antibodies to distinct epitopes pf an 85-95 kd gylcoprotein antigen
differentially inhibits lymphocyte binding to lymph node, mucosal, or synovial endothelial
cells. J. Cell Biol, 1987. 105: p. 983-990.

6. Guo YJ, Wong JH, Lin SC, Aruffo A, Stamenkovic I and Sy MS. Disruption of
T lymphocyte reappearance in anti-Thy-1-treated animals in vivo with soluble CD44 and L-
selectin molecules. Cell Immunol, 1994. 154(1): p. 202-18.

7. DeGrendele H, Estess P, Picker L and Siegelman M. CD44 and its ligand
hyaluronate mediate rolling under physiologic flow: a novel lymphocyte-endothelial cell
primary adhesion pathway. J. Exp Med, 1996. 183: p. 1119-1130.

8. Gunthert U, Hoffman M, Ruby W, Reber S, Zoller M, Haussman I, Matzu S,
Wenzel A and Ponta H. A new variant of glycoprotein CD44 confers metastatic potential to
rat carcinoma cells. Cell, 1991. 65(13-24).

9. Horak E, Leek R, Klenk N, LeJeune S, Smith K, Stuart N, Greenall M,
Stepniewska K and Harris A. Angiogenesis, assesed by platlet/endothelial cell adhesion
molecule antibodies, as indicator of node metastases and survival in breast cancer. The
Lancet, 1992. 340: p. 1120-1124.

10.  West D, Hampson I, Arnold F and Kumar S. Angiogensis induced by degradation
products of hyaluronic acid. Science, 1985. 228: p. 1324-1326.

11.  Lees Vc, Fan T-PD and DC. W. Angiogenesis in a delayed revascularization model

is accelerated by angiogenic oligosacchrides of hyaluronan. Lab Investig., 1995. 73: p.
259-266.

19



2 (‘f ‘¢'

12. Stamenkovic I, Aruffo A, Amiot M and Seed B. The hematopoetic and epithelial
forms of CD44 are distince polypeptides with different adhesion potentails foe hyaluronate-
bearing cells. EMBO J, 1991. 10: p. 343-348.

13. Liao H-Z, Levesque M, Patton K, Bergamo B, Jones D, Moody M, Telen M
and Haynes B. Regulation of human CD44H and CD44E isoform binding to hyaluronan
by phorbol Myristate acetate and anti-CD44 monoclonal and polyclonal antibodies. J
Immunol., 1993. 151: p. 6490-6499.

14.  Nehls V and Drenckhahn D. A novel, microcarrier based in vitro assay for rapid
and reliable quantification fo three dimensional cell migration and angiogenesis.
Microvascular Res, 1995. 50: p. 311-322.

15. Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion J, Collins N,
Gregory S, Gumbs C and Micklem G. Identification of the breast cancer susceptibility
gene BRCA2 [see comments] [published erratum appears in Nature 1996 Feb
22;379(6567):749]. Nature, 1995. 378(6559): p. 789-92.

16. Rajan JV, Wang M, Marquis ST and Chodosh LLA. Brca2 is coordinately
regulated with Brcal during proliferation and differentiation in mammary epithelial cells.
Proc Natl Acad Sci U S A, 1996. 93(23): p. 13078-83.

17. Tavtigian SV, Simard J, Rommens J, Couch F, Shattuck-Eidens D, Neuhausen
S, Merajver S, Thorlacius S, Offit K, Stoppa-Lyonnet D, Belanger C, Bell R, Berry
S, Bogden R, Chen Q, Davis T, Dumont M, Frye C, Hattier T, Jammulapati S,
Janecki T, Jiang P, Kehrer R, Leblanc JF, Goldgar DE and et al. The complete BRCA2
gene and mutations in chromosome 13q-linked kindreds [see comments]. Nat Genet, 1996.
12(3): p. 333-7.

18. Connor F, Bertwistle D, Mee PJ, Ross GM, Swift S, GrigorievaE,
Tybulewicz VL and Ashworth A. Tumorigenesis and a DNA repair defect in mice with a
truncating Brca2 mutation. Nat Genet, 1997. 17(4): p. 423-30.

19.  Sharan SK and Bradley A. Identification and characterization of a microsatellite
marker within murine Brca2 gene. Mamm Genome, 1997. 8(1): p. 79.

20. Bertwistle D, Swift S, Marston NJ, Jackson LE, Crossland S, Crompton MR,
Marshall CJ and Ashworth A. Nuclear location and cell cycle regulation of the BRCA2
protein. Cancer Res, 1997. 57(24): p. 5485-8.

21.  Wang SC, Lin SH, Su LK and Hung MC. Changes in BRCA2 expression during
progression of the cell cycle. Biochem Biophys Res Commun, 1997. 234(1): p. 247-51.
22.  Ludwig T, Chapman DL, Papaioannou VE and Efstratiadis A. Targeted mutations

of breast cancer susceptibility gene homologs in mice: lethal phenotypes of Brcal, Brca2,

20




Brcal/Brca2, Brcal/p53, and Brca2/p53 nullizygous embryos. Genes Dev, 1997. 11(10):
p. 1226-41.

23. Sharan SK, Morimatsu M, Albrecht U, Lim DS, Regel E, Dinh C, Sands A,
Eichele G, Hasty P and Bradley A. Embryonic lethality and radiation hypersensitivity
mediated by Rad51 in mice lacking Brca2 [see comments]. Nature, 1997. 386(6627): p.
804-10.

24.  Mizuta R, LaSalle JM, Cheng HL, Shinohara A, Ogawa H, Copeland N,
Jenkins NA, Lalande M and Alt FW. RAB22 and RAB163/mouse BRCA2: proteins that
specifically interact with the RADS1 protein. Proc Natl Acad Sci U S A, 1997. 94(13): p-
6927-32.

25. Friedman LS, Thistlethwaite FC, Patel KJ, Yu VP, Lee H, Venkitaraman AR,
Abel KJ, Carlton MB, Hunter SM, Colledge WH, Evans MJ and Ponder BA. Thymic
lymphomas in mice with a truncating mutation in Brca2. Cancer Res, 1998. 58(7): p.
1338-43. |

26.  Kuby J. Immunology. 3rd ed, ed. D. Allen. 1997: W.H. Freeman and Company.
27.  George A andRitter M. Thymic involution with ageing: obsolescence or good
housekeeping. Immunol. Today, 1996. 17: p. 267-272.

28.  Steinman G. Changes in the human thymus during ageing. Curr Topics in Pathol,

1986. 75: p. 43-88.

29. Oettinger MA, Schatz, David G., Gorka,Carolyn, Baltimore David. Rag-1 and
Rag-2, adjacent genes that syﬁergiStically activate V(D)J recombination. Science, 1990.
248: p. 1517 - 1522.

30. Ausubel F, Brent R, Kingston R, Moore D, Seidman J, Smith J and Struhl K.
Current Protocols in Molecular Biology. 1997: John Wiley and Sons.

31.  McMurry M, Hemandez-Martin C, Lauzurica P and Krangel M. Enhancer control
of local accessibility to the VDJ recombinase. Molec. Cell Biol., 1997. 17: p. 4553-4561.

21



o~ ‘\. # "'

DSB 5’ of Dy2 DSB 3’ of Dy2

/
V7 (\E ﬂv’

<1J

'

\ / —\
W—=Ad 1= [}

rearrangement

\) (’h
\J—

]

7 J
l linker ligation
4 5 1
- P >
v!\) <= — -
| Vii7 — J
- nested PCR - <
1 3 2
422 bp PCR products 503 bp

Figure 1. Ligation Mediated PCR. Genomic DNA from thymocytes is harvested
and used to detect double stranded DNA breaks occurring 3’ or 5 of the Df locus during
VDJ rearrangement. An asymmetrical linker is then ligated to the blunt ended DNA break.
Primers specific for the the linker (primer 1) and D upstream primers (primers 4, 5) or D
downstream primers (primers 2, 3) are used in nested PCR reactions to obtain PCR

products with a specific length.
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Figure 2. LM-PCR detects rearrangement signals from pediatric thymocytes.
Bands at 422bp and 503 bp represent double stranded DNA breaks 5’ or 3’ to the Dp2 locus
respectively. Lanes 1 and 8 represent pediatric thymus A using forward and linker primers. Lanes
3 and 10 represent pediatric thymus B using reverse and linker primers. Lanes 15 and 16
demonstrate amplification of genomic DNA using inner nest primers for thymus A and outer nest
primers for a spleen control sample. Lanes which do not have specific rearrangement signals are
as follows: lane s 5 and 12 represent bacterial DNA, lanes 2,4,6,9,11,13 contain corresponding
DNA samples which were not ligated with linker DNA. Lanes 7 and14 are PCR controls.
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FIGURE 3. Panel A depicts the structure of GFP. Arrows indicate the site for rearrangement
substrate insertion. Panel B represents the modified pEGFP-C1 plasmid after insertion of the D2J
derived RSS. Panel C shows flow data indicating that mutations in the N-terminal barrel region of GFP
(represented by EGFP-Sac linker) do not affect GFP function after transfection of plasmid DNA into
COS -7 cells. The construct used for EGFP-RSS flow data is shown in panel B.
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Figure 4. BRCA2 RNA is detectable in whole thymus and in purified

thymocytes but not in thymic stroma. Brca2 levels were detected by
Northern Blot using a BRCA?2 specific probe. The MDA-MB-231 cell is used as a
positive control. Thymic fibroblasts and epithelial cells are from cultured cell lines
and may be differentialy activated compared to fibroblasts and epithelial cells from
thymic stroma.
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Acronym and Symbol Definition

ABMT
CD44S
CDA44v2-10
CD44v8-10
EC-RF24

GM-CSF
GFP
HA
HDC
BMT
HUVEC
ICAM
LPS
mAb
PBS
PdbU
PVS
RT-PCR
RAG-1
RAG-2
RSS

TNF-o

Ablative Bone Marrow Transplantation

Standard form of CD44 containing exons 1-5, 15-17 and 18 or 19.
Isoform of CD44 containing exons 2 through exon 10.

Isoform of CD44 containing exons 8, 9, and 10.

Primary human vascular endothelial cells immortalized with the E6/E7
genes of the human papilloma virus

Granulocyte-Monocyte Colony Stimulating Factor
Green Fluroescence Protein

Hyahjronan

High Dose Chemotherapy

Bone Marrow Transplantation

Human Umbilical Vein Endothelial Cells
Intracellular Adhesion Molecule
Lipopolysacchride

Monoclonal antibody

Phosphate-Buffered Saline

Phorbol Ester

Perivascular Space

Reverse Transcriptase Polymerase Chain Reaction
Recombination Activating Gene 1

Recombination Activating Gene 2

Recognition Signal Sequence

Tumor Necrosis Factor-o
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Statement of Work

Task 1: Months 1-6: Transfect recombination substrate, Rag-1 and Rag-2 into 293T cells,
breast cancer cells or other appropriate cell lines and analyze rearrangement by flow
cytometry and by RT-PCR. Optimize transfection efficiencies and ratios to maximize
rearrangement of the recombination substrate.

Task 2: Months 3-9: Determine which BRCA?2 sense and anitsense constructs or
oligonucleotides to use which will increase or decrease BRCA2 expression in cultured cell
lines by Northern Blot and/or Western Blot.

Task 3: Months 6-12 : Determine antisense oligonucleotides which decrease BRCA2
expression in primary thymocytes. Analysis of BRCA2 expression will be done by
Northern and /or RT-PCR.

Task 3: Months 9-15: Determine the effects of under or over-expression of BRCA2 on T-
cell receptor rearrangement using the in vitro recombination assay for cultured cell lines.

Task 4: Months 15-24: Determine the effects of under or over expression of BRCA2 on
DNA repair processes using LM-PCR for primary thymocytes.

Task 5: Months 12-24: Confirm and quantitate the expression of BRCA2 in immature
(unrearranged) vs mature (rearranged) thymocytes using competitive PCR.
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